Introduction
Although the existence of cancer stem cells (CSCs), in particular leukemic stem cells (LSCs), has been established for more than a decade, 1,2 fundamentally important questions remain unanswered, relating to the exact identity and normal cellular origin of human CSCs, knowledge likely to have a major impact toward a better understanding of the evolution, prognosis, and therapeutic targeting of CSCs.
Hematopoietic stem cells (HSCs) possess lifelong self-renewal capacity and are therefore at high risk of acquiring the multiple mutations thought to be required for ultimate leukemic transformation. However, conclusive evidence for a normal HSC origin of LSCs would require proof of clonal involvement of all blood cell lineages derived from the multipotent HSCs. However, as yet, it has only been possible to obtain direct evidence for multilineage involvement in myeloproliferative disorders. 3, 4 Although this could mean that leukemias rarely originate in normal HSCs or multipotent progenitors, it is as possible that in most cases it is not feasible to prove through this approach, as most leukemias are lineage restricted in nature. Specifically, it is likely that a transforming event in an HSC will not only promote the development of the dominating leukemic lineage but also simultaneously suppress the development of other lineages. 5 Instead, an alternative and novel approach would be to apply genomics to better identify the origin of LSCs. As normal HSCs have been highly purified and found to have a distinct geneexpression profile when compared with normal progenitors, 6 ,7 a similar approach should be possible to better establish whether LSCs have a stem or progenitor cell identity. It would however require the identity of the LSC population to be well established as well as conclusive evidence for a high clonal involvement of the purified LSCs to be investigated. So far, these criteria would be fulfilled only in rare cases, one being myelodysplastic syndromes (MDSs) or preleukemia, a group of clonal malignant hematopoietic disorders that frequently progress to acute myeloid leukemia (AML). 8 In patients with 5qϪ syndrome, a distinct clinical subgroup of MDS characterized by an isolated deletion of the long arm of chromosome 5 (del(5q) or 5qϪ), 9 we recently demonstrated that the 5qϪ stem cells reside in the minor CD34 ϩ CD38 Ϫ Thy1 ϩ compartment, with definitive evidence for clonal myeloid as well as B-lymphoid involvement in some patients, suggesting that 5qϪ syndrome at least in part originates at a multipotent stem/progenitor cell level. 10, 11 However, in most patients, no evidence was obtained for B-cell involvement and T-cell involvement could never be established.
In the present studies, we purified and performed global gene-expression profiling of normal and 5qϪ CD34 ϩ CD38 Ϫ Thy1 ϩ cells, 12, 13 typically representing 0.1% of the total MDS bone marrow (BM) cells, and CD34 ϩ CD38 ϩ Thy1 Ϫ progenitors. This approach allowed us in all investigated cases to implicate the 5qϪ syndrome as a likely true HSC disease and to establish stagespecific dysregulated gene expression.
Patients, materials, and methods

Patient samples
BM samples from 11 MDS patients with typical 5qϪ syndrome 9 (Table 1) and from 10 healthy subjects were collected at the Hematology Departments at Karolinska (Solna), Karolinska (Huddinge), South Hospital, Helsingborg Hospital, and Lund University Hospitals, Sweden. The investigation was approved by the Research Ethics Committees at the respective University Hospitals, and informed consent was obtained in accordance with the Declaration of Helsinki. The MDS patients were chosen based on the finding of an isolated del(5q) by conventional cytogenetic analysis in combination with clinical and morphologic characteristics typical for the 5qϪsyndrome (an indolent clinical course with macrocytic anemia and a variable need for red blood cell transfusions, normal to elevated platelet counts, normal to slightly reduced white blood cell [WBC] counts, hypolobulated megakaryocytes, and less than 5% blasts in the BM), resulting in MDS with refractory anemia (RA; French-American-British [FAB] ) and a 5qϪ syndrome (World Health Organization [WHO]) diagnosis and a low-risk score according to the International Prognostic Scoring System (IPSS) for included patients. Patient nos. 2, 6, and 9 had been treated unsuccessfully with erythropoietin (EPO) patient nos. 10 and 11 had ongoing EPO treatment; and 6 of 11 patients needed erythrocyte transfusions regularly (Table 1) .
Purification of BM cell populations
BM mononuclear cells (MNCs) were isolated by Lymphoprep (Nycomed, Oslo, Norway) gradient centrifugation. Positive selection of CD34 ϩ BM cells was performed using a magnetically activated cell sorting (MACS) CD34 isolation kit (Miltenyi Biotec, Bergish Gladbach, Germany) as previously described. 11 The mean purity of enriched CD34 ϩ cells was 81%. Normal and 5qϪ MNCs or CD34 ϩ cells were cryopreserved in 10% dimethylsulfoxid (DMSO; Merck, Darmstadt, Germany) and 50% fetal calf serum (FCS; BioWhittaker, Walkersville, MD), thawed swiftly in a 37°C water bath, and washed twice in Dulbecco phosphate-buffered saline (PBS; PAA Laboratories, Pasching, Austria) and 5% FCS before staining. The CD34-enriched cells were incubated with CD38-allophycocyanin (APC), CD34-fluorescein isothiocyanate (FITC), and Thy-1 (CD90)-phycoerythrin (PE) monoclonal antibodies. The 30% CD34 ϩ cells expressing the highest levels of CD38 and lacking expression of Thy-1 (CD34 ϩ CD38 ϩ Thy-1 Ϫ ) and the 5% CD34 ϩ cells with the lowest expression of CD38 and coexpression of Thy-1 (CD34 ϩ CD38 Ϫ Thy-1 ϩ ) were sorted on a FACSDiVa (Becton Dickinson, San Jose, CA). All samples were stained with 7-aminoactinomyocin D (7-AAD; Sigma, St Louis, MO) to exclude nonviable cells. Both sorted populations reproducibly had a purity of more than 98% with regard to all 3 antigens. All antibodies were from BD Pharmingen (San Jose, CA) unless otherwise indicated.
Hematopoietic growth factors
Recombinant human (rh) granulocyte colony-stimulating factor (G-CSF), rh stem cell factor (SCF), rh interleukin-3 (IL-3), and rh granulocytemacrophage colony-stimulating factor (GM-CSF) were generously provided by Amgen (Thousand Oaks, CA). Rh erythropoietin (EPO) was supplied by Boehringer Mannheim (Mannheim, Germany), thrombopoietin (THPO) by Genentech (San Francisco, CA), and rh FLT3 ligand (FL) by Immunex (Seattle, WA).
LTC-IC assay
Murine stromal feeders engineered to produce human growth factors (M2-10B4 and Sl/Sl mixed 1:1; kindly provided by Dr D. E. Hogge, Vancouver, BC, Canada) were used to support growth of long-term culture-initiating cells (LTC-ICs) as previously described. 11 Cultures were established in 96-well collagen-coated microtiter plates with 5000 cells/ well of each cell line, after irradiation with 8000 cGy, and cultured in long-term culture medium (MyeloCult H5100; Stem Cell Technologies, Vancouver, BC, Canada) with 10 Ϫ6 M hydrocortisone 21-hemisuccinate. Seventy-five to 750 CD34 ϩ CD38 ϩ Thy-1 Ϫ and 75-750 CD34 ϩ -CD38 Ϫ Thy-1 ϩ cells from MDS patients and healthy subjects were added to the stroma layers, and cocultures were maintained at 37°C in high humidity and with 50% medium exchange every week. After 6 weeks, nonadherent and adherent cells were plated in methylcellulose cultures supplemented with SCF, GM-CSF, G-CSF, FL, IL-3 (all at 10 ng/mL), and EPO (5 U/mL). Colony-forming cells (CFCs; read-out of LTC-IC assay) were scored after an additional 12 days in culture. Individual colonies were then picked and transferred to slides for subsequent fluorescence in situ hybridization (FISH) analysis.
FISH probes and analyses
Interphase FISH analyses, using probes hybridizing to 5q31 (SpectrumOrange LSI EGRI) and 5p15.2 (SpectrumGreen LSI D5S721:D5S23), were BM morphology and blood values were investigated in connection with BM aspiration for the present studies. All patients were females and had a verified diagnosis of 5qϪ syndrome 15 according to the WHO classification, with a typical BM morphology including hypolobular megakaryocytes and a low BM blast count (Ͻ5%; RA according to FAB classification), an isolated 5q deletion encompassing q13-q15 to q31-q35, normal to elevated platelet counts, and normal to slightly reduced WBC count. The relative frequencies of CD34 ϩ CD38 ϩ and CD34 ϩ CD38 Ϫ Thy-1 ϩ cells were calculated from the number of BM MNCs and the fluorescence-activated cell sorter (FACS) profiles. If there were sufficient cells, at least 100 and 200 nuclei were always counted.
Hb indicates hemoglobin; WBC, white blood cell; Plt, platelet; E, erythrocyte transfusions; EPO, erythropoietin; P, prednisolone; and ND, not determined. *nϭ10. †Cut-off for FISH del(5q); median plus 2SD.
performed essentially as described previously. 10 All probes were obtained from Abbott (Stockholm, Sweden), and the signals were analyzed with the Chromofluor System (Applied Imaging, Newcastle, United Kingdom). The number of nuclei analyzed varied depending on the number of available cells, but whenever possible at least 200 nuclei were analyzed per cell population. In the nuclei of normal cells, the probes appear as 4 distinct signals, 2 orange and 2 green, whereas patients with del(5q) typically show 1 orange and 2 green signals. Based on FISH analyses on control cytospin preparations, the cut-off value (median ϩ 2SD) for del(5q) was 6.2%. However, taking the purity of the sorted populations into account (Ͼ 98%), findings of less than 10% del(5q) were considered to be negative or inconclusive.
Purification of total RNA
Normal and MDS CD34 ϩ CD38 ϩ Thy-1 Ϫ and CD34 ϩ CD38 Ϫ Thy-1 ϩ cells were sorted directly into RLT lysis buffer (Qiagen, Hilden, Germany) and snap-frozen at Ϫ80°C immediately after the sorting procedure. Samples were then thawed and, after homogenization by vortexing, total RNA was purified from 1 ϫ 10 4 CD34 ϩ CD38 
Hybridization, image processing, and image acquisition
Microarray slides were rehydrated over steaming water for 1 to 2 seconds, snap-dried on a hot plate (98°C), and then UV cross-linked (800 mJ/cm 2 ) using a Stratalinker (Stratagene). Prehybridization treatment, hybridization, and posthybridization washes of slides were performed according to the manufacturer's protocols provided with the Universal Microarray Hybridization Kit (Corning). In short, the array slides were presoaked with a sodium borohydride-reducing solution, prehybridized with a BSAcontaining solution, washed, and dried by centrifugation. Prepared labeled aRNA was resuspended in hybridization solution and incubated at 65°C for 5 minutes and then cooled to ambient temperature before it was applied to the array and covered with a glass coverslip. The array slides were hybridized in Corning hybridization chambers (Corning) at 42°C for 17 to 20 hours, washed, and finally dried by centrifugation. The Agilent G2565AA Microarray Scanner was used to measure the fluorescence intensities at photo multiplicator tube gain 100%, and, at 10 M pixel resolution, data were collected at 2 different wavelengths (for Cy3 and Cy5), stored as multi-TIFF images, and analyzed by using the GenePix Pro 4.1.1 software (Axon Instruments, Foster City, CA) with standard flagging criteria. The quantified data matrix from GenePix was saved as a GenePix Results File (gpr) and loaded into the Bio Array Software Environment (BASE) for further data analysis. Background subtractions for Cy3 and Cy5 intensities were calculated using the median spot pixel intensity and median local background intensity provided in the GenePix result file.
Data extraction
In an initial spot quality filter, spots flagged by the criteria above, with a diameter of 40 pixels or less, an intensity of 0 units or less in either channel, or 10% or more saturated pixels in either channel, were removed. Intensity-dependent lowess 14 fits were used to normalize intensity ratios on each assay. For each spot, the uncertainty of the expression value was estimated as u ϭ (SNR 1 ) Ϫ2 ϩ (SNR 2 ) Ϫ2 , where SNR i is the signal to background noise ratio for channel i. Replicate measurements of the same reporter on an assay were merged and represented by a weighted mean. The weighted mean of a set of values x i was defined as m ϭ ⌺ i w i x i /⌺ i w i , where the weight w i is exp(Ϫ3u i 1/2 /x i Ϫ m). This set of equations was solved numerically by simple iteration. The error of the merged value was defined
All reporters with a GenBank accession number or that were RefSeq specified were associated to genes using Array Clone Information Database (ACID). 15 The 4 different types of assays (normal and 5qϪ CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitors and CD34 ϩ CD38 Ϫ Thy-1 ϩ stem cells) were compared pair-wise in different ways, and for each comparison the error model, presence filter (requiring 85% presence), and variation filter were applied to the assays involved, resulting in an optimal data extraction for each comparison. Association was based on UniGene Homo Sapiens build 176. Expression values for reporters representing the same gene were merged in the weighted fashion. Reporters without association to a known gene were excluded from the analysis. The merged data were transformed again to a modified expression value xЈ i ϭ w i (x i Ϫ m). A presence filter and a variation filter across assays were also applied to the data, keeping only spots with expression in both channels in at least 21 of 23 assays and with a standard deviation of modified expression values greater than 0.3. The 23 assays represented 18 different samples, of which 3 were done in duplicate and 1 in triplicate. Hierarchical clustering revealed that replicate assays ended up in the same cluster (data not shown). This means that the experimental variability was small compared with differences between assay types, though not significantly smaller than variations among assays of the same type, which may indicate large homogeneity within the assay types. As the rest of the study concerns comparisons of different types, replicates were merged in the weighted fashion before continued analysis.
Statistical analysis
As a measure of difference between 2 types of assays, we used the false discovery rate in ranked gene lists. In each of the pair-wise comparisons, the genes that passed the filters were ranked according to the Fisher linear discriminant; F ϭ (m 1 Ϫ m 0 )/( 1 2 ϩ 0 2 ) 1/2 , where m 1 and m 0 are the (unweighted) mean values for subgroups 1 and 0, respectively, whereas 1 and 0 are the standard deviations for the same subgroups. A permutation test with all possible permutations of sample labels was performed, and for each score, the average number of genes in a permutation list with a higher score was divided by the number of genes in the true list above to get the false discovery rate.
Q-PCR
Ten thousand BM CD34 ϩ CD38 Ϫ Thy-1 ϩ and CD34 ϩ CD38 ϩ Thy-1 Ϫ cells were sorted directly into 330 L RLT lysis buffer (Qiagen) and snap-frozen at Ϫ80°C. RNA extraction and DNase treatment were performed with the RNeasy Micro kit (Qiagen) according to the manufacturer's instructions for samples containing 10 5 or fewer cells. Eluted RNA samples were reverse transcribed using SuperScript II and random hexamers (Invitrogen, Carlsbad, CA) according to the protocol supplied by the manufacturer. Newly synthesized cDNA was diluted to approximately contain cDNA from 50 cells/L and frozen at Ϫ20°C. Quantitative reverse transcriptasepolymerase chain reaction (Q-PCR) reactions were performed by mixing 2 ϫ TaqMan universal PCR master mix, 20 ϫ Assays-on-Demand (primer/ MGB-probe mix), RNase-free H 2 O, and 5L of cDNA to a final reaction volume of 20 L. All experiments were performed in triplicates, and differences in cDNA input were compensated by normalizing against HPRT expression levels. The TaqMan Assays-on-Demand probes used were as follows: AREG, Hs00155832_m1; BMI1, Hs00180411_m1; CDC42SE2, Hs00184113_m1; CEBP〈, Hs00269972_s1; CTNNA1, Hs00426996_m1; CTNNB1, Hs00170025_m1; DLK1, Hs00171584_m1; HLF, Hs00171406_m1; HPRT1, Hs99999909_m1; IFITM1, Hs00705137_s1; and TAF7, Hs00538821_s1 (all from Applied Biosystems, Foster City, CA).
Results
Extensive clonal involvement of the CD34 ؉ CD38 ؊ Thy-1 ؉ HSC compartment and replacement of normal HSCs in 5q؊ syndrome
The size of the CD34 ϩ CD38 Ϫ Thy1 ϩ HSC compartment in 11 patients with 5qϪ syndrome 9 represented on average 0.14% of total BM cells, only slightly increased over healthy individuals (mean 0.04%; Table 1; Figure 1) . Notably, as much as 92% to 100% of the CD34 ϩ CD38 Ϫ Thy1 ϩ cells were part of the 5qϪ clone.
The content of functionally defined normal and MDS LTC-ICs, as an assay for stem cell activity, 16, 17 was next investigated in 4 patients. Although MDS BM cells, reflecting MDS as a disease of inefficient hematopoiesis, in almost all cases fail to long-term reconstitute MDS in immune-deficient mice in vivo, 18 we have previously demonstrated that MDS-initiating LTC-IC activity, when detected, is exclusively contained within the minor CD34 ϩ CD38 Ϫ HSC compartment. 10, 11, 18 In agreement with this, in 2 of the 4 investigated patients with 5qϪ syndrome, we detected LTC-IC activity, and this was exclusively derived from CD34 ϩ CD38 Ϫ Thy1 ϩ cells (Table 2) , despite investigating up to 10-fold more CD34 ϩ CD38 ϩ Thy-1 Ϫ cells. Noteworthy, all LTCCFCs generated from 5qϪ CD34 ϩ CD38 Ϫ Thy1 ϩ BM cells were shown to harbor the del(5q) ( Table 2) . Thus, neither CD34 ϩ CD38 Ϫ Thy1 ϩ nor CD34 ϩ CD38 ϩ Thy1 Ϫ cells from 5qϪ patients displayed detectable normal HSC activity, supporting that the normal HSC compartment in 5qϪ syndrome patients has been largely replaced by a clonally expanded 5qϪ compartment with the same CD34 ϩ CD38 Ϫ Thy1 ϩ phenotype.
Global gene-expression profiling implicates that the 5q؊ syndrome originates in normal CD34 ؉ CD38 ؊ Thy1 ؉ HSCs Although MDS stem cells share a CD34 ϩ CD38 Ϫ Thy1 ϩ phenotype with normal HSCs, 1,10,13,19 this does not necessarily indicate the malignancy initiated in normal HSCs, as it might rather reflect acquisition of a stem cell cell-surface phenotype by a transformed MDS progenitor. 19 Thus, here we used a novel global gene-profiling strategy in an attempt to better distinguish between a stem and progenitor cell identity of the 5qϪ stem cells, taking advantage of the distinct gene-expression patterns of normal HSCs and progenitors. 6 While no previous studies have performed a global geneexpression profiling of CD34 ϩ CD38 Ϫ Thy1 ϩ BM cells, Georgantas Figure 1 . Thy-1 expression within CD34 ؉ CD38 ؉ progenitor and CD34 ؉ CD38 ؊ stem cell compartments in normal and 5q؊ syndrome BM. CD34-enriched normal (A) and 5qϪ (B, patient no. 6) BM cells were stained with monoclonal antibodies (MAbs) against CD34, CD38, and Thy-1 or irrelevant isotype control Abs ("Purification of BM cell populations"). Left panels show expression profiles for already CD34-enriched cells, with the size of the CD34 ϩ CD38 ϩ and CD34 ϩ CD38 Ϫ populations given as percentages of total MNCs. Shown are also the gates for CD34 ϩ CD38 ϩ and CD34 ϩ CD38 Ϫ cells used for sorting and for further investigation of Thy-1 expression (middle panels). Dotted lines represent the negative isotype control and solid lines the specific Thy-1 expression. Note that Thy-1 expression is much higher in CD34 ϩ CD38 Ϫ than in CD34 ϩ CD38 ϩ cells for both healthy and 5qϪ subjects. Sorted CD34 ϩ CD38 Ϫ Thy-1 ϩ candidate HSCs and CD34 ϩ CD38 ϩ Thy-1 Ϫ candidate progenitors were analyzed by FISH for the 5q deletion. Normal CD34 ϩ CD38 Ϫ Thy-1 ϩ cells (A) show 2 green and 2 red signals, whereas CD34 ϩ CD38 Ϫ Thy-1 ϩ cells with 5q deletion (B) show 2 green and 1 red signal (right panels). Bars in the FISH pictures represent 10 m. Six-week LTC-CFC activity of CD34 ϩ CD38 Ϫ Thy-1 ϩ (75-750 cells/well) and CD34 ϩ CD38 ϩ Thy-1 Ϫ (750 cells/well) cells from healthy controls and 5qϪ syndrome patients were evaluated as described in "LTC-IC assay." After 6 weeks of coculture, the number of CFCs produced after an additional 2 weeks in methylcellulose were counted. Results are the means of 3 to 6 replicate wells from each patient and cell population. No LTC-CFCs were derived from normal or 5qϪ CD34 ϩ CD38 ϩ Thy-1 Ϫ candidate progenitor cells.
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For personal use at PENN STATE UNIVERSITY on February 28, 2013. bloodjournal.hematologylibrary.org From et al reported genes significantly up-or down-regulated in normal BM CD34 ϩ CD38 Ϫ Lin Ϫ HSCs compared with CD34 ϩ CD38 ϩ Lin ϩ progenitor cells. 6 We extracted data from our normal CD34 ϩ CD38 Ϫ Thy-1 ϩ and CD34 ϩ CD38 ϩ Thy-1 Ϫ data sets, ranked genes using Fisher linear discriminant scores, 20 and found a high degree of agreement with the data set of Georgantas et al ( Figure  S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article), 6 in which 1190 reporters were found to be significantly up-regulated in CD34 ϩ CD38 Ϫ Lin Ϫ cells. We updated all gene identities for these reporters according to UniGene build 176 (http://www.ncbi.nlm.nih.gov/UniGene/) and found that 276 genes were also present in our list after filtration. Of those, 197 had positive Fisher scores in our data set. Eight of the 276 genes were found among our 20 most up-regulated genes, whereas the other 12 were not mentioned. To further evaluate the overall agreement, using our whole ranked list, we calculated the area under the receiver operating characteristic (ROC) curve, 21 which is a linear transformation of the Wilcoxon rank sum. 22 The ROC area for the 276 genes up-regulated in CD34 ϩ CD38 Ϫ Lin Ϫ cells was 0.73 ( Figure S1 ), with a P value of less than .001 (random gene permutations). Similarly, the 1159 reporters found down-regulated by Georgantas et al 6 were associated to genes using UniGene build 176, and 374 of the genes were found in our ranked list as well. Turning our ranked list upside down, so that down-regulated genes received top ranks, we found that 11 of our top 20 down-regulated genes were down-regulated in the studies of Georgantas et al as well, 6 whereas the other 9 were not mentioned. The ROC area was 0.82, with a P value of less than .001 ( Figure S1 ). The complete list of genes differentially expressed between normal CD34 ϩ CD38 Ϫ Thy-1 ϩ and CD34 ϩ -CD38 ϩ Thy-1 Ϫ cells is available in Table S1 .
We next compared the global expression profiles of CD34 ϩ CD38 Ϫ Thy-1 ϩ MDS stem cells from 4 5qϪ syndrome patients (nos. 1, 2, 3, and 5) with those of CD34 ϩ CD38 Ϫ Thy-1 ϩ and CD34 ϩ CD38 ϩ Thy-1 Ϫ cells from 5 healthy subjects. Notably, the number of differentially expressed genes was considerably less when comparing 5qϪ CD34 ϩ CD38 Ϫ Thy-1 ϩ cells with normal CD34 ϩ CD38 Ϫ Thy-1 ϩ cells than when comparing with normal or 5qϪ CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitors (Figure 2) . Furthermore, the Fisher scores of 5qϪ CD34 ϩ CD38 Ϫ Thy-1 ϩ compared with normal CD34 ϩ CD38 Ϫ Thy-1 ϩ cells were comparable to the random expectation, represented by permutation test results, demonstrating a very close identity between normal and 5qϪ CD34 ϩ CD38 Ϫ Thy-1 ϩ cells (Figure 2A-B) .
The false discovery rate was high when comparing 5qϪ CD34 ϩ -CD38 Ϫ Thy-1 ϩ cells with normal CD34 ϩ CD38 Ϫ Thy-1 ϩ cells but essentially zero when compared with normal CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitors ( Figure 1C) , further reflecting the high similarity between 5qϪ and normal CD34 ϩ CD38 Ϫ Thy-1 ϩ cells.
Differentially expressed genes in 5q-
To confirm the expected down-regulation of genes located at 5q31q32, we investigated 37 such genes found in our lists, of which 34 were down-regulated in CD34 ϩ CD38 Ϫ Thy-1 ϩ cells in at least 3 of the 4 investigated patients (Table S2) .
Based on the array data, a total of 10 potentially interesting genes were investigated in further detail using Q-PCR analysis, in part to confirm and better quantify some of the array findings on CD34 ϩ CD38 Ϫ Thy-1 ϩ cells (patient nos. 1 and 2) and in part to extend the analysis to additional patients. Table 3 shows array data on selected genes that were up-or down-regulated with high Fisher scores in 5qϪ CD34 ϩ CD38 Ϫ Thy-1 ϩ cells (complete list of genes in Table S3 ). Importantly, the Q-PCR analyses of patients 1 and 2 confirmed all array findings. In all patients investigated by Q-PCR, all 3 examined genes situated on the involved region of 5q (TAF7 at 5q31, CDC42SE2 at 5q23, and CTNNA1 at 5q31) were, as expected, down-regulated in CD34 ϩ CD38 Ϫ Thy-1 ϩ cells ( Figure  3) . Thus, TAF7, 23 CDC42SE2, 24 and CTNNA1 (alpha catenin; implicated in the Wnt signaling pathway as a tumor suppressor gene) 25 were all down-regulated by approximately 50% (46%, Number of differentially expressed genes with Fisher score above 2 for 5qϪ CD34 ϩ CD38 Ϫ Thy-1 ϩ candidate HSCs when compared with normal CD34 ϩ CD38 Ϫ Thy-1 ϩ HSCs, normal CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitors, and 5qϪ CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitors, respectively. Error bars indicate 95% confidence interval (Poisson statistics). (C) False discovery rate as a function of number of top-ranked genes using the Fisher score. Results are shown for 5qϪ CD34 ϩ CD38 Ϫ Thy-1 ϩ candidate HSCs when compared with normal CD34 ϩ CD38 Ϫ Thy-1 ϩ HSCs (solid line), normal CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitors (dashed line), and 5qϪ CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitors (dotted line). The false discovery rate (ie, number of accepted genes in a permutation test divided by the same number in the correct list) was high when comparing 5qϪ HSCs with normal HSCs but essentially zero when compared with normal progenitors. A high false discovery rate implies that the compared populations do not differ in many more genes than expected by random fluctuations, whereas a low false discovery rate implies significant differences in gene expression between the compared cell types, reflecting more extensive differences than expected by random fluctuation.
46%
, and 55%, respectively; Figure 3) . However, the functionally related CTNNB1 (beta catenin), 26 implicated in the regulation of normal and leukemic HSC self-renewal 27 (not located at 5q), was not significantly affected in investigated patients (Figure 3) .
HLF, a transcription factor involved in t(17;19)/TCF3-HLFpositive (previously E2A-HLF-positive) acute lymphoblastic leukemia (ALL), 28 reported to be specifically expressed in normal human HSCs, 6 was down-regulated by a mean of 3.2-fold in all Selected list of genes up-or down-regulated in 5qϪ (nϭ4) CD34 ϩ CD38 Ϫ Thy-1 ϩ candidate HSCs when compared with normal (nϭ5) CD34 ϩ CD38 Ϫ Thy-1 ϩ cells (for complete list see Table S3 ).
TF indicates transcription factor; and CML, chronic myelogenous leukemia. *Microarray-based expression validated by Q-PCR.
patients investigated (5 by Q-PCR and 2 additional by array).
Interferon-induced transmembrane protein-1 (IFITM1), suggested to play a role in the antiproliferative activity of interferons, 29 was up-regulated in all 7 investigated patients (in the 5 investigated by Q-PCR, by a mean of 5.3-fold), whereas Amphiregulin (AREG), an apoptosis inhibitor, 30 was down-regulated in all 7 patients by as much as 10-fold or more ( Figure 3 ). Delta-like homolog (DLK1), involved in Notch signaling, 31 was found to be up-regulated 1.5-to 12.6-fold in 6 of 9 patients investigated by Q-PCR analysis (Figure 3) .
Of particular interest, BMI1, critically involved in regulation of HSC self-renewal, 32, 33 was up-regulated in all but 1 of 9 patients analyzed by Q-PCR by a mean of 2.5-fold (Figure 3) .
CCAAT enhancer binding protein-alpha (CEBPA), essential for normal myeloid development and implicated in the transformation of AML, 34, 35 was up-regulated in all 4 patients (nos. 1, 2, 3, and 5) in the array analysis. This was confirmed by Q-PCR for 2 patients (nos. 1 and 2) and extended to an additional 2 patients (nos. 4 and 6). However, in 4 other patients (nos. 8, 9, 10, and 11), the expression was not significantly different from normal CD34 ϩ CD38 Ϫ Thy-1 ϩ cells, and in 1 patient (no. 7) the expression was down-regulated. To evaluate (1) the potential benefit of global gene profiling of purified and distinct MDS stem and progenitor cell populations, rather than mixed populations, [36] [37] [38] [39] and (2) the identification of stage-specific changes in gene expression, we next compared differentially expressed genes between purified 5qϪ and normal CD34 ϩ CD38 Ϫ Thy-1 ϩ stem cells and between 5qϪ and normal CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitors (Figure 4) . Whereas 5qϪ and normal CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitors showed a relatively high number of differentially expressed genes, much fewer and smaller differences were observed when comparing the profiles of normal and 5qϪ CD34 ϩ CD38 Ϫ Thy-1 ϩ stem cells ( Figure 4A,B) .
Strikingly, expression of CEBPA, which was either up-regulated or normal in CD34 ϩ CD38 Ϫ Thy-1 ϩ cells in most 5qϪ patients (Figures 3 and 4C,D) , was rather consistently and dramatically down-regulated in 5qϪ CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitors (Figure 4C,D) , as determined by microarray analysis. CTNNA1, BMI1, and DLK1 were also differentially affected in the 5qϪ CD34 ϩ CD38 ϩ Thy-1 ϩ stem and CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitor populations ( Figure 4C) , whereas other investigated genes (TAF7, CDC42SE2, HLF, IFITM1, and AREG) showed a similar pattern of expression between CD34 ϩ CD38 Ϫ Thy-1 ϩ and CD34 ϩ CD38 ϩ Thy-1 Ϫ cells ( Figure 4C ).
In contrast to recent studies, 40 we did not find CTNNA1 to be down-regulated more than the expected 50%, perhaps reflecting that the reported hypermethylation of CTNNA1 in patients with 5q deletions might be a late event not typically observed in patients with 5qϪsyndrome.
Nine patients were investigated by Q-PCR to confirm and extend the contrasting expression of CEBPA in 5qϪ CD34 ϩ CD38 Ϫ Thy-1 ϩ stem and CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitor GENE PROFILING OF 5qϪ SYNDROME STEM CELLS 3011 BLOOD, 15 OCTOBER 2007 ⅐ VOLUME 110, NUMBER 8 only.
For personal use at PENN STATE UNIVERSITY on February 28, 2013. bloodjournal.hematologylibrary.org From cells. Noteworthy, when compared with their normal counterparts, CEPBA was dramatically down-regulated in all 9 investigated patients (range, 2.2-1236 fold) in 5qϪ CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitors but not in CD34 ϩ CD38 Ϫ Thy-1 ϩ stem cells ( Figure  4D ). Although CEBPA was down-regulated (4.3-fold) in 1 case (no. 7) in 5qϪ CD34 ϩ CD38 Ϫ Thy-1 ϩ cells, its expression was reduced even more in 5qϪ CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitors (as much as 1236-fold) when compared with normal CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitors ( Figure 4D ).
Discussion
The present studies exemplify the importance of performing global gene-expression profiling of purified cancer stem and progenitor cell populations. Not only did the molecular fingerprinting of 5qϪ CD34 ϩ CD38 Ϫ Thy-1 ϩ cells provide stronger support for 5qϪ syndrome potentially originating from normal HSCs, but it also resulted in a much higher resolution of specific gene-expression changes when comparing MDS and normal stem and progenitor cells, rather than more heterogeneous populations. [36] [37] [38] [39] Although it has been postulated that LSCs and other CSCs may frequently originate in the corresponding rare normal multipotent stem cell populations, 19, 41 conclusive evidence for such a model has only been obtained for myeloproliferative disorders. 3, 4 In other leukemias the evidence has at best been circumstantial, typically limited to the leukemic and normal stem cells sharing a CD34 ϩ CD38 Ϫ cell-surface phenotype. 42 However, the expression of CD34 and CD38 antigens, although instrumental for identification of normal HSCs in steady-state hematopoiesis, 13 has been demonstrated to fluctuate considerably in mice as well as in humans. 43, 44 In the current studies, we adopted a novel approach applying genomics to better determine the identity of the 5qϪ stem cell population. In all investigated patients, greater than 92% of CD34 ϩ CD38 Ϫ Thy1 ϩ cells were shown to harbor the del(5q), demonstrating that virtually all of the cells in the CD34 ϩ CD38 Ϫ -Thy1 ϩ compartment of these patients are part of the MDS clone. The 5qϪ CD34 ϩ CD38 Ϫ Thy1 ϩ compartment represented 0.14% of all BM cells, only slightly expanded when compared with the CD34 ϩ CD38 Ϫ Thy-1 ϩ HSC compartment in healthy subjects, demonstrating that the normal CD34 ϩ CD38 Ϫ Thy1 ϩ HSC compartment had almost been completely replaced with 5qϪ stem cells, a conclusion further substantiated by the lack of detectable normal LTC-IC activity in all investigated patients. Thus, 5qϪ CD34 ϩ CD38 Ϫ Thy1 ϩ cells appear to largely outcompete and hence deplete their normal counterparts, a finding also supported by up to 99% of granulocytes in these patients with del(5q). 10 However, the mechanisms or niches that are in place to limit the size of the normal HSC pool 45,46 also appear to be able to restrict the size of the 5qϪ HSC compartment at this stage of the disease (up to 8 years after diagnosis).
In 2 of the 4 investigated 5qϪ patients, we observed 5qϪ LTC-CFC activity from CD34 ϩ CD38 Ϫ Thy1 ϩ but not CD34 ϩ -CD38 ϩ Thy-1 Ϫ cells, supporting that the infrequent 5qϪ CD34 ϩ CD38 Ϫ Thy1 ϩ cells are the MDS stem cells in these patients. However, in 2 other patients in which we also observed a virtually complete replacement of the normal CD34 ϩ CD38 Ϫ -Thy1 ϩ compartment with 5qϪ CD34 ϩ CD38 Ϫ Thy1 ϩ cells, we failed to detect not only normal but also 5qϪ LTC-CFC activity. Although we could also show in these patients that normal HSCs have been outcompeted by 5qϪ MDS stem cells, the functional data failed in these cases to conclusively show that 5qϪ CD34 ϩ CD38 Ϫ Thy1 ϩ cells are in fact the MDS stem cells. The most likely interpretation of the lack of 5qϪ LTC-CFC activity in these 2 patients is that the readout of this assay requires efficient myeloid differentiation from investigated HSC populations, which is variably affected in MDS.
Strikingly, 5qϪ and normal CD34 ϩ CD38 Ϫ Thy1 ϩ stem cells showed an almost perfect match in global gene-expression patterns, as the Fisher scores were low and comparable to the random expectation. In contrast, 5qϪ CD34 ϩ CD38 Ϫ Thy1 ϩ cells displayed extensive differences to normal as well as 5qϪ CD34 ϩ CD38 ϩ Thy1 Ϫ progenitors. Thus, the gene-expression pattern of 5qϪ CD34 ϩ CD38 Ϫ Thy1 ϩ cells further supports that the 5qϪ syndrome might originate in the normal CD34 ϩ CD38 Ϫ -Thy1 ϩ HSC compartment, even though an origin in an even more primitive, not-yet identified cell population cannot be ruled out. Although previous studies suggested the possibility of an HSC origin of 5qϪ syndrome by demonstrating involvement of B cells in a few patients, 10 ,47 the present results are compatible with most, if not all, 5qϪ syndromes potentially originating in the HSC pool. As LSCs and other CSCs will typically be biased in their differentiation toward one particular lineage and (D) Q-PCR analysis of CEBPA expression in 5qϪ CD34 ϩ CD38 Ϫ Thy-1 ϩ stem cells and 5qϪ CD34 ϩ CD38 ϩ Thy-1 Ϫ progenitors. Shown are the mean (SEM) differential expression for 5 healthy subjects and 9 5qϪ patients and individual expression levels for the investigated 5qϪ patients (nos. 1, 2, 4, 6, 7, 8, 9, 10, and 11) normalized against HPRT expression levels. Gray staples for HSCs and white staples for progenitors throughout the figure. inefficient or incapable of generating other lineages, we predict that global gene-expression profiling will become an important complementary tool for determining the cellular origin of LSCs as well as other CSCs. Although our studies unequivocally establish a very close identity between normal and MDS stem cells, it cannot however be ruled out that this could result from reacquisition of a stem cell phenotype of a targeted normal progenitor cell population, rather than origin in a normal HSC.
The most salient finding in the present study was the many and pronounced differences observed in gene expression between 5qϪ and normal CD34 ϩ CD38 ϩ Thy1 Ϫ progenitors compared with the few but distinct differences detected between 5qϪ and normal CD34 ϩ CD38 Ϫ Thy1 ϩ stem cells. Previous global expression profiling studies on MDS cases have, at most, been performed on CD34 ϩ or CD133 ϩ cells, [36] [37] [38] [39] containing both CD34 ϩ CD38 Ϫ Thy1 ϩ stem and CD34 ϩ CD38 ϩ Thy1 Ϫ progenitor cells. The present approach allowed us to identify stage-specific changes in gene expression.
Multiple previous gene-profiling studies of MDS (including 5qϪ) patients had failed to find consistent changes in expression of CEBPA, [36] [37] [38] [39] despite mouse studies implicating the potential involvement of reduced CEBPA expression in development of MDS. 48 In contrast, in the present studies we found in all 9 investigated 5qϪ patients that CEBPA was down-regulated in the MDS progenitors, at a minimum 2.2-fold. Our finding of consistently reduced CEBPA expression in 5qϪ progenitors supports an involvement of dysregulated CEBPA expression in the inefficient granulopoiesis characteristic of MDS. 48 BMI1 was preferentially up-regulated in 5qϪ CD34 ϩ -CD38 Ϫ Thy1 ϩ cells. Identified as an essential regulator of normal HSC self renewal and involved in leukemogenesis if deregulated, 32 the up-regulation of BMI1 could potentially explain the competitive advantage of 5qϪ CD34 ϩ CD38 Ϫ Thy1 ϩ stem cells over normal HSCs.
In conclusion, the present studies highlight the importance of molecular characterization of distinct stages of cancer stem and progenitor cells to identify and characterize stage-specific dysregulated gene expression in cancer.
